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Abstract. We investigate a sub-sample of the rotation curves consisting of 45 HSB non-bulgy
spiral galaxies selected from SPARC (Spitzer Photometry and Accurate Rotation Curves)
database by using two dark halo models (NFW and Burkert) and MOdified Newtonian Dy-
namics (MOND) theory. Among these three models, the core-dominated Burkert halo model
provides a better description of the observed data (χ2ν = 0.33) than Navarro, Frenk and White
(NFW, χ2ν= 0.45) and MOND model (χ
2
ν = 0.58). So our results show that, for dark halo
models, the selected 45 HSB non-bulgy spiral galaxies prefer a cored density profile to the
cuspy one (NFW); We also positively find that there is a correlation between ρ0 and r0 in
Burkert model. For MOND fits, when we take a0 as a free parameter, there is no obvious
correlation between a0 and disk central surface brightness at 3.6 µm of these HSB spiral
galaxies, which is in line with the basic assumption of MOND that a0 should be a universal
constant. Interestingly, our fittings gives a0 an average value of (0.74± 0.45)× 10−8cm s−2 if
we exclude the three highest values in the sample, which is smaller than the standard value
(1.21 × 10−8cm s−2).
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1 Introduction
For decades of years, authors found that the rotation curves of spiral galaxies remain flat even
at large galactocentric distances. This could not be explained by the Newtonian gravity of the
visible matter alone, and the most common hypothesis to explain the discrepancy between
the dynamical mass and the luminous mass is to postulate the existence of dark matter in
these galaxies. In addition, the rotation curves of low mass and low surface brightness (LSB)
galaxies show that the density variation at the center of them was small and almost constant.
To match this observed behaviour, empirical models of the dark matter distribution such as
Burkert density profile [1] in galaxies typically having a constant-density core at the center
are proposed, which can explain a wide variety of observed rotation curves.
N-body simulations show that dark matter haloes have spherically averaged density
profiles that can be fitted by the Navarro-Frenk-White (NFW) profile [2, 3]. But the center
of the NFW model is cuspy, which contradicts the core of the dark halo revealed by the the
observed rotation curves, and gives poor fits to the rotation curves of dwarf galaxies [4–8].
[9] investigated the rotation curves of 19 galaxies of the THINGS (The HI Nearby Galaxies
Survey) sample to test the cuspy NFW model, and the observationally motivated central
density core model. They found that for massive, disk-dominated galaxies, the two models
explained the observed rotation curves equally well. However, low mass galaxies was preferred
a core-dominated halo over NFW halo. To solve the cusp-core controversy, it seems to suggest
that baryon effects is essential. The central mass density of DM haloes can be affected by
various baryonic processes. The adiabatic contractions can make baryons pull more Dark
matter into the centre and steepen central density [10–12], while stellar feedback [13–15] and
dynamical friction [16] can induce expansion of the DM halo and produce a core [e.g., 17–25].
Although dark matter is thought by most to be the best solution to the missing mass
problem, no direct evidence for the existence of dark matter has motivated someone to search
for other solutions for the flatness of rotation curve. Among others, the Modified Newtonian
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Dynamics (MOND, [26, 27]) is the most remarkable for decades. It hypothesizes a modifica-
tion of dynamics as an alternative to non-baryonic dark matter by introducing a characteristic
constant acceleration a0, below which Newtonian dynamics breaks down and Mondian dy-
namics takes effect [28]. By considering the mass-to-light ratio of the stellar disk as free
parameter, MOND successfully predicted the shape of observed rotation curves without any
dark matter.
Usually, it is believed that dwarf and LSB galaxies whose accelerations fall below the
MOND acceleration limit a0 are the best candidates to test MOND. Some authors [29] found
that roughly three quarters of their sample are consistent with MOND to reproduce the
acceptable fits of the observed rotation curves. Considering the uncertainties in distances
and inclinations for the galaxies in their sample, the failures for the remaining quarter do not
necessarily imply a problem for MOND. [29] also investigated the correlation between a0 and
the extrapolated central disk surface brightness. They found that there appears to be some
evidence of a correlation between them, in the sense that lower surface brightness galaxies
tend to have lower a0 and vice versa, which would be in contradiction with MOND that a0
should be a universal constant. They explained that this correlation is just possible because
the rotation curves of a few galaxies at high surface brightness (HSB) may be uncertain
because of bars or warps.
In order to test whether or not the correlation between a0 and the extrapolated central
disk surface brightness arising from the uncertainties of rotation curves of HSB galaxies, it
would be significant to select a sample consisting only of HSB galaxies with the most recent
high quality rotation curves. HSB galaxies present small discrepancies between the visible
mass and the dynamic mass; within the bright inner regions, they are in the high acceleration,
or in Newtonian regime; MOND thus predicts that the rotation curves should rapidly rise
and then fall in an almost Keplerian fashion to the final asymptotic value. This is contrast
to LSB galaxies, for which, the internal accelerations are low, and MOND predicts that their
rotation curves should slowly rise to the final asymptotic circular velocity.
On the other hand, it would be interesting to fit some dark halo models to the rotation
curves in a selected sample of HSB galaxies, so that we can see whether some cored halo
model that supported by LSB galaxies can also be supported by HSB galaxies. Further more,
we have a chance to compare dark halo models with MOND model.
This paper is organized as follows: In Section 2, we briefly describe the sample of HSB
galaxies that is used in our fitting. In Section 3, we introduce three theoretical models
of galaxy structures and rotation velocities. We use Markov Chain Monte Carlo (MCMC)
technique to fit the galaxy rotation curves and pick out the best model in Section 4. The
discussions and conclusions are presented in Section 5.
2 The rotation curves data
2.1 rotation curves
In this section, we describe the sample of the HSB galaxies used for the sequel fittings. We
select the HSB galaxies from the original database of SPARC (Spitzer Photometry&Accurate
Rotation Curves): a sample of 175 nearby galaxies with new surface photometry at 3.6µm and
high-quality rotation curves from previous HI/H studies [30]. SPARC is the largest sample
of rotationally supported galaxies to date with spatially resolved data on the distribution of
both stars and gas as well as rotation curves for every galaxy. For the purpose of this study,
we remove the galaxies that have a bulge component. This can simplify our fits and improve
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the fitting quality, since the mass-to-light ratio M∗/L of the bulge may differ strongly from
that of the disk, which would introduce additional uncertainties when we fit the rotation
curves of predictions to observations.
2.2 data selection
According to our selection criteria, we consider only the SPARC HSB galaxies which appear
to have no measurable bulge component. As we did before [31], firstly, we require that all
galaxies have at least six data points on their rotation curves, and in order to explain the
inclination of the disk in the plane of the sky, the observed velocities has been modified
by 1sin(i) . We exclude the galaxies whose i < 30
◦. Because of the disk randomly pointing
to the sky, this will not introduce any selection bias. We also ruled out with asymmetric
kinematics of the galaxies, because their rotation speeds are likely to be strongly influence
of non circular motion. Considering these constraints, our sample was reduced from 175
to 147. Secondly, we discern the HSB and LSB galaxies by choosing the galaxies if their
effective surface brightness higher than 100 L⊙pc
−2 or not [30]. So we take the 76 galaxies
whose effective surface brightness higher than 100 L⊙pc
−2 as HSB galaxies. Finally, we get
45 objects which appear to have no measurable bulge component from these 76 galaxies.
3 Theoretical models and the rotation curves
In this paper, we will decompose the mass modeling to a multi-component model, as generally,
visible matter more dominating at the central part of the rotation curve. Therefore, we add
VDM(r) to the stellar and gas components [32] in order to derive the total resulting rotation
curve and to compare with observations:
Vc(r) =
√
VDM(r)2 + Vbar(r)2
=
√
VDM(r)2 + Vgas(r)|Vgas(r)|+ (M∗/L)Vstars(r)2
(3.1)
3.1 NFW model
The dark matter distributions for halos from ΛCDM simulations are traditionally modeled
as NFW profile [2, 3]. The generality of NFW profile has been confirmed by many studies
[33–37]. The density of NFW profile takes the form
ρNFW (r) =
ρsrs
3
r (r + rs)
2 , (3.2)
where rs and ρs are the halo scale radius and characteristic density, respectively. We can
see that, the density profile steepens from r−1 near the centre of the halo to r−3 at large
distances.
We define the virial mass of a halo to be the mass within rvir (as the radius where the
average halo density equals △ times the critical density of the Universe where △ = 93.6. For
this work, we choose H0 = 73 km s
−1 Mpc−1),
Mvir = 4pi
∫
rvir
0
ρr2dr = 4piρsr
3
s f(cvir), (3.3)
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with cvir = rvir/rs the concentration parameter, and
f(cvir) =
∫
cvir
0
xdx
(1 + x2)
= ln(1 + cvir)− cvir
1 + cvir
. (3.4)
ρs =
Mvir
4pir3s [ln(1 + cvir)− cvir1+cvir ]
(3.5)
The halo virial velocity is then given by
Vvir =
√
GMvir/Rvir . (3.6)
For a given spherically symmetric density profile ρ(r), the Poisson’s equation
1
r2
∂
∂r
(
r2
∂Φ
∂r
)
= 4piGρ (3.7)
leads to the circular velocity
V 2 = r
dφ
dr
=
4piG
r
∫
r
0
ρ(r′)r′2dr′, (3.8)
where we have required limr→0 V (r)→ 0. So the mass of dark matter, contributes partly to
the rotation curve,
V 2DM = 4piGρs
r3s
r
[
ln
(
1 +
r
rs
)
− r
r + rs
]
=
GMvir
r[ln(1 + cvir)− cvir1+cvir ]
[
ln
(
1 +
r
rs
)
− r
r + rs
] (3.9)
3.2 Burkert model
In the inner part of the Bukert halo the profile has a core structure, while the slope approxi-
mates to −3 in the infinity [1],
ρ(r) =
ρ0
(1 + r/r0)(1 + (r/r0)2)
(3.10)
where ρ0 and r0 are free parameters that represent the central DM density and the scale
radius. The total halo mass is shown as follows:
M(r) = piρ0r
3
0
{
ln
[
1 + (
r
r0
)2
]
+ 2ln(1 +
r
r0
)− 2 arctan( r
r0
)
}
(3.11)
So for Burkert model, the dark matter mass contributes partly to the rotation curve,
V 2DM = Gpiρ0
r30
r
{
ln
[
1 + (
r
r0
)2
]
+ 2ln(1 +
r
r0
)− 2 arctan( r
r0
)
}
(3.12)
– 4 –
102 103 104
Σ (L⊙ pc−2⊙
10−8
10−9
a 0
(c
m
s−
2 ⊙
Figure 1: The correlation between galaxies’ disk central surface brightness and MOND
acceleration constant a0.
3.3 MOND model
According to MOND theory [26, 27], the Newtonian dynamics is invalid when the acceleration
is approaching or below the critical acceleration a0. The effective acceleration is related to
the Newtonian acceleration by
µ(g/a0)g = gbar, (3.13)
where gbar ≡ GM/r2 is the Newtonian acceleration, a0 ≈ 1.2 × 10−8cm s−2 is the critical
acceleration. [26] suggested, that a < a0, could describe the dynamics of galaxies without the
dark matter component.
µ(x) is an interpolation function which has the asymptotic behaviors: µ(x) = x for
x→ 0, and µ(x) = 1 for x→∞. We choose the simple interpolation function [38, 39]
µ(x) =
x
1 + x
. (3.14)
Combining Eq. (3.13) and Eq. (3.14), we can solve for g,
g =
1
2
gbar
(
1 +
√
1 +
(
4a0
gbar
))
. (3.15)
Since V =
√
gr and Vbar =
√
gbarr, the corresponding rotation velocity is given by
V 2MOND =
V 2bar +
√
V 4bar + 4ra0V
2
bar
2
(3.16)
Vbar(r) =
√
Vgas(r)|Vgas(r)|+ (M∗/L)Vstars(r)2 (3.17)
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Figure 2: The cumulative distribution function (CDF) of the χ2ν values for the MOND fits
with a0 fixed at a0 = 1.21 × 10−8cms−2 (red line), a0 = 0.74 × 10−8cm s−2 (black line), and
a0 = 0.89× 10−8cms−2 (blue line), respectively.
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Figure 3: The correlation between central densities ρ0 and the core radius r0.
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Figure 4: The best-fitting rotation curves of HSB galaxies in different models: left panel:
NFW rotation curves fits, middle panel: Burkert rotation curves fits, and right panel: MOND
rotation curves fits with a0 free. The blue curve is for the stellar disk, the yellow curve is for
the gas, and the black curves for the dark matter component. The red lines are the best fit
models and the crosses are the observed data.
4 best-fitting results
4.1 comparisons of the three models
In this section, we apply the previously described models to the fits of our selected sample of 45
HSB galaxies by using the open source Python package, emcee [40]. For NFW model, we map
– 7 –
the posterior distributions of three free parameters: log10(Vvir), log10(cvir), and log10(M∗/L)
like [32]. We make 10.0 < Vvir < 500.0 km/s, 1.0 < cvir < 100.0 and place a constraint
on M∗/L such that 0.3 < M∗/L < 0.8 [41–43]. We fit the observed rotation curves with
Burkert model of three free parameters: ρ0, r0, M∗/L. For MOND model, we made a0 and
M∗/L as two free parameters. For the fitting results, we find that the Burkert halo model
gives the best fits to the observed data compared to NFW and MOND model with median
reduced chi-squared χ2ν = 0.33, χ
2
ν = 0.45, and χ
2
ν = 0.58, respectively. This means that the
HSB spiral galaxy haloes are distributed as constant density core rather than cuspy haloes.
We also find that the number of HSB spiral galaxies best explained by Burkert model (29
galaxies) are double than NFW model (15 galaxies), and only one galaxy is best explained
by MOND compared to the other two models. This means roughly thirty percent of the HSB
spiral galaxies are distributed as cuspy haloes. Figure 4 illustrates the fitting results of the
models. These fitting results show that these three models provides acceptable fits (reduced
χν
2 < 2) for 91% (41/45, Burkert), 84% (38/45, NFW) and 80% (36/45, MOND) of the
sample. In addition, we find that the galaxies (NGC2903 and NGC2998) that give poor fits
(χ2ν > 2) with Burkert halo model are similarly provided poor description of data by NFW or
MOND models. It seems likely that this problem lies in the possibility that these two complex
galaxies have small undetected bulge components which perturb the innermost velocities.
For MOND acceleration constant a0, the fits give a average value of 0.89× 10−8cm s−2.
This value is smaller than the standard value of [44] and consistent with the value of [45]
which gives the value of 0.9× 10−8cm s−2. However, as can be seen in Figure 1, most of our
fits result in low values for a0 except three highest values. Excluding the three values for a0,
we find a0 = (0.74±0.45)×10−8cm s−2. As a comparison, when [29] exclude the three highest
a0 values from their fits which are mostly in low values for a0, they find an average value of
a0 = 0.70 × 10−8cm s−2 which is very close to us, but is definitely smaller. In Figure 1, we
present an analysis to the correlation between a0 and galaxies’ disk central surface brightness.
We do not find any obvious correlation between them. Our finding is consistent with [46], it
also supports the result of [29] in the sense that there are only a few HSB galaxies in their
sample which are the major source for the correlation.
We also fit the observed rotation curves with MOND model when a0 is fixed at its
standard value (a0 = 1.21 × 10−8cm s−2), our mean fits value of 0.89 × 10−8cm s−2 and
0.74 × 10−8cm s−2, respectively. The fitting results gives a median reduced chi-square χ2ν=
1.23, χ2ν=0.77, χ
2
ν=0.71, respectively. Figure 2 shows the cumulative distribution function
(CDF) of the χ2ν values of rotation curves fits for MOND with a0 = 0.89 × 10−8cm s−2
(blue line), a0 = 0.74 × 10−8cm s−2 (black line) compared a0 = 1.21 × 10−8cm s−2 (red
line). Obviously, a0 = 0.74 × 10−8cm s−2 gives the best fit rather than the standard value
(a0 = 1.21 × 10−8cm s−2) or 0.89 × 10−8cm s−2 in our sample.
4.2 the Burkert halo scaling Laws
The generally accepted explanation of flatness about galaxies’ rotation curves is that spiral
galaxies consist of a visible component surrounded by a more massive and extensive dark
component which dominates the gravitational field in the outer regions[47]. It has been known
that the observational motivated Burkert halo provides a better description of the observed
rotation curves than NFW halo. Statistically, there is an obvious correlation between ρ0 and
r0 for the sample:
log(ρ0) = −1.39× log(r0) + 8.61 (4.1)
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A plot of the central densities ρ0 as a function of the core radius r0 is shown in Figure 3.
Our rotation curve decompositions fits based on Burkert model give essentially the same
correlation as for ”pseudo-isothermal sphere” model [48, 49].
5 Discussions and Conclusions
We have presented the fits for two dark halo models and MOND theory to a sub-sample of
45 non-bulgy HSB spiral galaxies selected from SPARC sample which consists of 175 nearby
galaxies with modern surface photometry at 3.6µm and high quality rotation curves. The
large majority of spiral galaxies’ rotation curves presented here can be well explained by
NFW model (84%), Burkert model (91%) and MOND with a0 free (80%). Among these
three models, the core-dominated Burkert halo model provide a better description of the
observed data (χ2ν = 0.33) than NFW (χ
2
ν= 0.45) and MOND model (χ
2
ν = 0.58), and about
two thirds (28/45) spiral galaxies are best explained by Burkert model. Accordingly, we can
say that about two thirds spirals host a constant density core rather than a cusp in our
sample, or that the HSB spiral galaxies prefer core-density profile over cuspy halo model. [50]
fits the observed rotation curves of 9 HSB galaxies, but non of the HSB galaxies can be well
fitted by core-modified model. This result is in contradiction to ours which are consist with
[9]. Further more, Burkert fits demonstrated that there is a obvious correlation between ρ0
and r0 which is consistent to the rotation curves fits by ”pseudo-isothermal sphere” model
[48, 49].
Given that MOND fits are only two free parameters (a0 and M∗/L), a fraction of 20%
of spiral galaxies for which MOND does not well explained the observed data may not signal
a failure of MOND theory, but rather reflect the uncertainties associated with these spiral
galaxies. For only a small number of galaxies (NGC2903 and NGC2998), none of the core-
dominated density profile, the NFW model or MOND is an adequate description of the data.
This should not seem unexpected, as the true dark matter distribution is likely to be more
complex than the models presented here.
MOND fits with a0 free give a average value about a0 of (0.89 ± 0.73) × 10−8cm s−2
and (0.74±0.45)×10−8cm s−2 when excluding three highest values of a0. These two average
values are smaller than its standard value of 1.21 × 10−8cm s−2. We also fit the observed
rotation curves with a0 fixed at its standard value, 0.89×10−8cm s−2, and 0.74×10−8cm s−2,
respectively. We find that the fits with a0 = 0.74×10−8cm s−2 provide the better fits (median
reduced chi-square, χ2ν= 0.71) than the standard value (median reduced chi-square, χ
2
ν=1.23)
and 0.89 × 10−8cm s−2 (median reduced chi-square, χ2ν=0.77). That is to say, the rotation
curves of our sample tend to a0 = 0.74×10−8cm s−2 which is consistent with [29] rather than
1.21 × 10−8cm s−2 (Figure 2).
In addition, Figure 1 shows that the distribution of a0 has a large scatter and there is
no correlation between a0 and the central surface brightness. This is, of course, required by
MOND. However, our best fitted value of a0 is obviously smaller than the standard one, which
cannot be simply explained by external field effect of MOND [29]. The reason is that our
HSB sample is selected from SPARC, which include more LSBs than HSBs. The existence of
external field will always reduce the value of a0 for both galaxy types, but it reduce further
small value of a0 in LSBs than in HSBs. Therefore, if we fit the whole SPARC sample, we
should obtain even smaller value of a0 than that presented here. However, by performing
a Bayesian analysis on galaxy rotation curves from the whole SPARC database, [51] found
– 9 –
strong evidence for a characteristic acceleration scale a0 = 1.2 × 10−8cm s−2, the standard
value.
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